The biosynthesis, immunity and regulation of nisin, a lanthionine-containing antimicrobial peptide produced by Lactococcus lactis, is encoded by two gene clusters, nisAlZ3TCIPRK and nisFEG. The mutant strain LAC46 with a deletion in the translocator gene nisT could not secrete nisin but nisin activity was detected from cell lysates. The nisT mutation was complemented by a NisT-expression plasmid resulting in restored capacity to secrete nisin. These results demonstrate that NisT is the transport protein dedicated to translocate nisin and that dehydration and lanthionine formation in nisin maturation can occur independently of transport.
1, Introduction
Bacterial peptide antibiotics are either synthesized by multienzyme complexes or derived from gene-encoded precursors that undergo post-translational modifications.
A class of post-translationally modified peptide antibiotics with an increasing number of characterized members is the lantibiotics. The lantibiotic precursors consist of an N-terminal leader sequence and a propeptide part which is post-translationally modified to mature lantibiotics [l] . In the first step of modification the serine and threonine residues are dehydrated to didehydroalanine (Dha) * Corresponding author. Tel.: +3.58 (0) 708 59369; Fax: +358 (0) 708 59366; E-mail: psaris@operoni.helsinki.ti and didehydrobutyrine (Dhb) . The double bonds of some of the Dha and Dhb residues react with the thiol groups of cysteine residues to yield lanthionine or methyllanthionine [l] . The last steps in lantibiotic maturation are either secretion followed by a cleavage of the leader outside the cell as has been shown for nisin [2, 3] , or cleavage of the leader inside the cell before secretion [4, 5] .
The lantibiotic maturation pathway requires a specialized biosynthetic machinery composed of several proteins. The genes encoding the biosynthetic machinery, regulatory elements and immunity factors have been arranged in gene clusters as described for nisin [2,@] , subtilin [9, 10] , epidermin [11, 12] and Pep5 [4] . These clusters include genes for a specialized serine protease, the lantibiotic leader peptidase (LanP), one or two ABC transporters (LanT and LanFEG), proteins involved in immunity (LanI and LanFEG), two-component regulators (LanR and LanK) and modification enzymes (LanB and LanC). Recently, Meyer [4] showed for Pep5 that LanB is responsible for the dehydration of peptide hydroxyamino acids and LanC is needed for correct lanthionine formation.
Meyer et al. [4] showed that Pep5 can be secreted in a S. epidermidis host without PepT, indicating that other translocators can substitute for PepT. Only a discontinuous epiT'T' gene has been identified from an epidermin producer, which was not essential for epidermin production in a heterologous host [11, 13] . Thus, a strict requirement for an ABC translocator in secretion of lantibiotics has not been shown. Here we report that NisT is essential for secretion of nisin. A n&T mutant strain could not secrete nisin and nisin was accumulated in the cytoplasm. Complementation of the nisT mutation resulted in secretion of nisin.
Materials and methods

Bacterial strains, plasmids, media and growth conditions
The Escherichia coli DHSa strain was used as a host for plasmid constructions.
L. lactis N8 [14] is a nisin producer, LAC46 [15] is strain N8 with a plasmid inserted into the nisT gene and MG1614 is a L. lactis strain incapable of nisin production due to the lack of the nisin-sucrose conjugative transposon [ 161. Micrococcus luteus AL NCIMB 8166 (National Collection of Industrial and Marine Bacteria) was used as an indicator strain in nisin bioassays. The plasmid Bluescript (Stratagene, La Jolla, CA, USA) and pCRI1 (InVitrogen Corporation, San Diego, CA, USA) were used for DNA cloning. E. coli strains were grown aerobically in Luria-Bertani broth at 37°C. L. lactis strains were grown without aeration at 30°C in Ml7 broth containing 0.5% (w/v) glucose or sucrose. When needed, media were supplemented with antibiotics in the following concentrations:
ampicillin 30 pg ml-', erythromycin 200 ug ml-' or chloramphenicol 10 pg ml-' for E. coli and erythromycin 5 pg ml-l and chloramphenicol 5 pg ml-' for L. lactis.
DNA cloning and ampl$cation by the polymerase chain reaction
Standard techniques were used for DNA manipulations [ 171. The nisT gene was amplified by polymerase chain reaction (PCR) with primers 5'-CTGATA-TATCTTTGAGTTATC-3' and 5'-GAGGACGGA-TCCATGGATGAAGTGAAAGAA-3' using plasmid pLEB430 [8] as template in 25 cycles with Taq DNA polymerase. The cycle consisted of 1 min at 95°C 2 min at 50°C and 3 min at 72°C. The amplified fragment was cloned in the pCRI1 T/A cloning vector and the constructed plasmid was named pLEB440.
The HindIII-BamHI fragment of pLEB384 [3] was replaced by the HindIII-BamHI insert from pLEB440. In the resulting plasmid, named pLEB493, the nisT gene was placed directly downstream of the constitutive lactococcal P45 promoter [ 181. Plasmid pLEB493 was electroporated into the L. lactis LAC46 strain, yielding strain LAC163.
Western blot analysis
The bacteria for Western blot analysis were grown to the exponential growth stage, collected by centrifugation and broken by sonication with glass beads. Cells of strains secreting nisin were washed twice with Hz0 pH 2.5 before sonication. The cell debris was removed by centrifugation at 14 000 X g for 10 min and the soluble proteins of the cells were separated by SDS polyacrylamide gel electrophoresis according to Schagger and von Jagow [19] . Immunodetection was done according to the Protoblot kit (Promega, Madison, WI, USA). The polyclonal rabbit antiserum [20] used to recognize nisin was a kind gift of Prof. W. De Vos.
Nisin bioassay
For detection of nisin activity from the cytoplasms of lactococcal cells 1 ml of culture grown overnight was collected by centrifugation and resuspended in 200 ul of Hz0 pH 2.5 or cell buffer (50 mM TrisHCl (pH 6.5) 1 mM MgS04, 4 mM CaClz, 0.1% gelatin). The cells of strains secreting nisin were washed twice with Hz0 pH 2.5 prior to sonication.
The samples were sonicated and the particulate fraction was removed by centrifugation at 14 000 X g for 10 min. The supernatant was further filtrated through a membrane with a cut-off of 0.2 pm and 3 l,tl thereof was applied on the surface of a plate prepoured with Luria-Bertani soft agar containing the nisin-sensitive M. luteus indicator strain. For detection of nisin activity from the growth culture of cells the culture was cleared by centrifugation and sterile filtrated. A 3 pi sample of the filtrate was applied on the surface of the indicator culture as described above.
Results and discussion
The phenotype of the nisT mutant strain LAC46
We have integrated a plasmid into the nisT gene of the nisin producer L. lactis N8 [15] . In the plasmid In lane 1 the cytoplasm was isolated at pH 6.5, but all other cytoplasms were isolated at pH 2.5.
Nisin bioassay
the erm gene without its transcription terminator was placed such that after plasmid integration into the nisT gene the downstream genes (nisCfPRK) were transcribed from the constitutive promoter of the erm gene. The constructed n&T mutation, encoding a truncated NisT polypeptide lacking 86 amino acids from the C-terminus, resulted in lack of nisin secretion and a decreased immunity to nisin. Previously, when we tried to detect nisin activity from the cytoplasm of this strain (LAC46) using a cell buffer with pH 6.5, no nisin activity was observed. However, the same analysis breaking the cells in Hz0 with pH 2.5 yielded detectable nisin activity from the cytoplasm of strain LAC46 (Fig. 1) . If the cells of LAC46 were lysed in Hz0 with pH 2.5 and the pH was raised after lysis to pH 6.5, no nisin activity could be detected.
Immunodetection with a serum recognizing mature nisin but not the unmodified precursor revealed that nisin is present in the cytoplasm of strain LAC46, whereas in cells of the N8 or LAC163 strains no intracellular pool of nisin was detected (Fig. 2) . The mobility of the immunoreactive band from the cytoplasm of strain LAC46 corresponds to mature nisin. Thus, if secretion of the modified nisin precursor is blocked, as in the nisT mutant strain, the leader sequence of the accumulated prenisin is proteolytically degraded.
No nisin activity could be detected if the LAC46 cells were broken at pH 6.5, but the immunoreactive band corresponding to the size of nisin could still be observed. This indicated that the loss of nisin activity in this preparation was not due to proteolytic degradation of nisin but to some other mechanism.
Cornplementation of the nisT mutation in strain LAC46
For complementation of the nisT mutation, plasmid pLEB493 having the intact nisT gene under the control of the constitutive P45 promoter was constructed. This plasmid was transformed into the LAC46 strain, yielding strain LAC163. LAC163 secreted active nisin (Fig. l) , showing that the nisT mutation of strain LAC46 could be complemented by the intact nisT gene in plasmid pLEB493. Nisin also did not accumulate in the cytoplasm any more as in the LAC46 strain (Fig. 2) . This result showed that NisT is required for the secretion of nisin and that no substituting translocators exist in L. lactis as is the case in translocation of the lantibiotics epidermin and Pep5 produced by Staphylococcus species.
Our results showing that active nisin can be produced inside the cytoplasm if transport is blocked characterize the lantibiotic modification machinery to be independent of the transport protein and transport. As nisin is commercially valuable as a food additive this information opens up the possibility to produce large quantities of active nisin in a heterologous host by just expressing the nisin structural gene together with the nisBC genes.
